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5. Drilling rate and geologic units penetrated in test hole USW UZ-6 9 6. Generalized distribution of welding in geologic units penetrated by test hole USW UZ-6 10 7. Gravimetric water-content measurements of drill-bit cuttings from test hole USW UZ-6 25 8. Water-potential measurements of drill-bit cuttings from test hole USW UZ-6 31 9. Vertical distribution and number of fractures in test hole USW UZ-6 34 TABLES Page Table 1 . Lithologic log of drill-bit cuttings from test hole USW UZ-6 11 2. Results of laboratory analyses for gravimetric watercontent and water-potential measurements of drill-bit cuttings from test hole USW UZ-6 18 111 As part of the U.S. Department of Energy's program pertaining to the storage of radioactive wastes, the U.S. Geological Survey is studying Yucca Mountain, Nevada ( fig. 1) , to evaluate the geologic and hydrologic suitability of this mountain for the potential storage of fyigh-level radioactive wastes in an underground mined repository (Waddell, 1982J Roseboom, 1983 Montazer and Wilson, 1984; Squires and Young, 1984; Waddell and others, 1984) . The principal method of investigation has been test-hole drilling. The test-hole drilling is a part of the Hydlrologic Investigations Program of the U.S. Geological Survey's Yucca Mountain Project that is being conducted in cooperation with the U.S. Department of Energy, Nevada Field Office, as part of Interagency Agreement DE-AI08-78ET44802. referred the Test hole USW UZ-6 (hereafter deepest (575 m) dry drilled borehole completed unsaturated-zone test holes drilled in UZ-6 is located in Nye County, about 145 outside the west boundary of the Nevada is located at the crest of a major north an altitude of 1,501 m (top of drill pad by Raytheon Services Nevada 1 (formerly to as test hole UZ-6s) that was drilled to as test hole ) is the to date in a series of seven Yucca Mountain area. Test hole km notthwest of Las Vegas just Test Site ( fig. 1 ). Test hole UZ-6 -trending ridge on Yucca Mountain at ) above: sea level. Surveying was done Holmes and Narver, Inc).
Additional data was obtained from test hole USW UZ-6s (hereafter referred about 95 m to the west of test hole UZ-6. Test hole UZ-6s was drilled to provide an uncased upper zone for instrumentation of the unsaturated, densely welded Tiva Canyon Member of the Paintbrush Tuff. The upper 80.8 m of tejst hole UZ-6 was cased during drilling.
The main objectives of the deep unsaturated program are: (1) To determine the flux rated nonwelded and bedded tuff units exist; (2) to determine a vertical and other important hydrologic and (3) to monitor, by downhole instruments over an extended span of time and to provide da in nonwelded and bedded tuff. and profile characteristics in the dry drilling of test hole UZ-6. tions, gravimetric water contents, and water includes the techniques used in the drilling, laboratory testing of the volcanic rockd -zone drilling and testing of water moving through the unsatuto determine if perched water zones of water content, water potential, of the rock units penetrated; the hydrologic changes that occur ta for the calculation of flux
The purpose of this report is to present t.he geohydrologic data obtained In addition to lithologic descrippctential data, the report collecting, handling, and penetrated in this test hole.
1 The use of firm, trade, product, ojr industry names in this report is for identification or location purposes only of products by the U.S. Geological Survey nor i[mpute responsibility for any present or potential effects on the natural resources. and does not constitute endorsement --Location of test holes USW UZ-1, USW UZ-6, and USW UZ-6s and nearby geographic features in southern Nevada (modified from Whitfield and others, 1990, fig. 1.) .
BOREHOLE DATA Drilling Procedures
The drilling of test hole UZ-6 was the second attempt at the Yucca Mountain site to drill through the unsaturated zone to the water table using the vacuum reverse-air-circulation method of dry drilling. The first attempt was made in 1983 in test hole USW UZ-1, Drilling of test hole UZ-6 began June 18 1984. The unsaturated zone at this site perched water zones were found during the drilling of this test hole. Drilling terminated at a depth of 575 m secause caused by numerous borehole cavings and excessive breakage of the inner string of the dual-string drill pipe. Continual cavinjg occurred to a depth of 305 m densely welded tuff of the lower Tiva because of the numerous fractures in the Canyon Member and in the upper one-half Miocene Paintbrush Tuff.
( fig. 1 1984,
, Whitfield and others, 1990) . and ended on September 26, is about 777 m thick. No saturated of an overrun of drilling time of the Topopah Spring Member of the Drilling of test hole UZ-6 was ac vacuum reverse-air-circulation method of showing the equipment used for the vacuum dry drilling is shown in figure 2. The the outer string was 22 cm in diameter, the land surface created suction in the the drill-bit cuttings from the bottom From the inner string, the drill-bit cut hose to a dry separator for sample colle two chambers separated by a hydraulic in the upper chamber while drill-bit cut lower chamber. This system provided the and sample collection. When closed, the to accumulate in the upper compartment cuttings were being collected from the After collecting samples for lithologic drill-bit cuttings were vibrated out of and removed from this collecting point by
The vacuum reverse-air-circulation method Whitfield (1985) , the Odex 165T downhole smaller-diameter Odex 115T downhole air- Hammermeister and others, 1985 , minimally disturb the matrix water content of conplished by using a dual-string, dry drilling. A schematic diagram reverse-air-circulation method of inner string was 14 cm in diameter and A vacuum unit or blower located on inner string of the drill pipe to move of the drill hole to the land surface, tings were routed by way of the kelly ction. The dry separator contained slide gate that prevented a vacuum loss tings Wjcre being collected from the capability for simultaneous drilling slide gate allowed drill-bit cuttings of the dry separator while drill lower compartment of the dry separator, and hydrologic analysis, the remaining the lower chamber of the dry separator a conveyor belt.
the drill-bit cuttings and the rock penetrated, drilling of test hole UZ-6s by the Odex method of dry drilling described by air-hammer drilling system, and the hammer drilling system described by It was demonstrated in the that representative cores for determining hydrologic properties can be obtained from depths of as much as 158 m. Representative cores for hydrologic properties were not obtained from test hole UZ-6 using the vacuum reverse-air-circulation method of dry drilling. Smaller-diameter core samples (12.7 cm) possibly could be obtained using this drilling method, but this has not yet been attempted. One of the major advantages of using the vacuum reverse-air-circulation method of dry drilling in unsaturated rocks is that moist zones or perched water zones can be determined immediately from the returned drill-bit cuttings. Another advantage is that the use of drilling fluids, such as water, drilling mud, or polymers, is not required so that the in-situ rock moisture and porosity is minimally disturbed. A disadvantage of the vacuum reverse-air-circulation method of dry drilling is the slower penetration rate when the in-situ rock water content is greater than about 5 percent by weight. In moist zones, plugging and encrustation of the drill bit, the inner string, and the kelly hose with a mud cake eventually restricts the flow of drill-bit cuttings to the land surface. When plugging occurs, drilling has to be stopped to prevent the drill bit from becoming buried in drill-bit cuttings, a situation that could eventually cause the bit to become stuck. This occurred during the drilling of test hole UZ-6 at a depth of 256 m, and the drill pipe and bit had to be hydraulically jacked out of the borehole. Drilling can be resumed only after the bit, inner string, and kelly hose are cleaned and dried by blowing compressed air through them. If unstable borehole conditions exist, the vacuuming might increase cavings, and frequent re-drilling is required.
EXPLANATION
Sulfur hexaflouride was injected into during drilling. Subsequent gas sampling presence or absence of atmospheric cont adjacent to the borehole. The gas was 40 cm3 /min through the intake manifold < was injected into the annulus between tlie larger dual-wall pipe to help cool the < in removing drill-bit cuttings.
Borehole Construction and
Test hole UZ-6 was drilled to a to diameter borehole was drilled from the cased with a 66. 'GIG DATA this report consist of descriptions enetrated in test hole UZ-6, gravi-'ater-potential measurements. All the xamination and laboratory analysis of amples.
le UZ-6 because of the unsuccessful and others, 1990), caused by an in a large-diameter borehole. Cores 'ater content of the cores. Since the ; been made that decrease the borehole itional coring bits for dry coring.
Cuttings Collection and Processing
Drill-bit cuttings were collected for the determination of lithologic and hydrologic characteristics. During bit cuttings, every effort was made to minimize the opportunity for water to evaporate from the cuttings. All procedures were designed to minimize water loss from the drill-bit cuttings from the time until laboratory water-content and water-potential measurements could be made Figure 4 . Borehole After drilling to a specified depth on the dry separator was closed, separating the upper and lower compartments. This prevented vacuum loss in the borehole circulation system without disrupting drilling and allowed drill-bit cuttings to be removed from the lower compartment. The onsite geologist collected a lithologic sample from this interval out of the discharge outlet located at the base of the lower compartment of the dry separator. Drilling continued while the lithologic sample was being collected; concurrently, drill-bit accumulating in the upper compartment of partment was then emptied of drill-bit cuttings before opening the hydraulic slide gate and allowing the drill-bit cuttings of the upper compartment to drop into the lower compartment of the dry separator. At a specified interval, a grab sample was collected for the determination of hydrologic properties. The sample collecting was done quickly to maintain the integrity of the hydrologic properties, such as water content and water potential. Use of the hydraulic slide gate permitted continuous; drilling and enabled two separate samples to be collected. The dry separator was emptied after each collection interval in preparation for the next interval to avoid mixing of samples. Vibrators welded to the base of the dry separator helped dislodge material from the walls on the inside of the dry separator, thus preventing contamination of the drill-bit cuttings between sample-collection intervals. The drill-bit cuttings for hydrologic-property tests in the laboratory were separated into coarse-, fine-, and composite-size fractions. Coarse-size samples consisted of drill-bit cuttings that would not pass through a screen with 1.6-mm openings; fine-size samples consisted of drill-bit cuttings that would pass through the screen. Samples taken directly from the 1-L jars were designated as composite samples. These samples were analyzed to determine which size fraction compared the closest to the water-content and waterpotential measurements from core samples taken from other boreholes located in the area. Sample preparation was done inside a humidified glove box. Coarseand fine-size drill-bit cuttings were collected for water-potential measurements to a depth of 110 m; at deeper depths, coarse-size drill-bit cuttings generally were collected. Fine-or composite-size drill-bit cuttings were collected if sufficient coarse-size drill-bit cuttings were not available. Samples for determination of gravimetric water content were placed in preweighed 420-mL moisture cans, covered, and immediately weighed. Samples for determination of water potential were placed in small jars (120 mL or less), capped, taped, labeled, sealed with wax, and stored in a cool environment (20 to 25°C) until measurements could be made.
Lithology of Geologic Units Penetrated
The geologic units penetrated by test hole UZ-6 are tuffaceous units of Miocene age. Lithologic descriptions based on visual examination of drill-bit cuttings are given in table 1. Ash-flow and ash-fall tuff are the predominant rock types in this section. 
Gravimetric Water-Content Measurements
Gravimetric water-content measurements were made onsite in a U.S. Geological Survey field-laboratory trailer using standard gravimetric ovendrying methods (Gardner, 1965) . Moisture cans of known weight were filled with drill-bit cuttings, capped, and immediately weighed. These moisture cans were weighed again after baking in an oven for a minimum of 18 hours at 105 °C. The gravimetric water content of a given sample of drill-bit cuttings, in grams per gram, equals the water lost through drying divided by the weight of the dried sample. Results metric water content for coarse drill-bj This table also includes the results of potential measurements that are discussed ments" section of this report. The dept.h collected for hydrologic laboratory ana represent a spot sample from the approxi for a large interval.
of laboratory analysis for gravit cuttings are tablulated in table 2. laboratory analysis for waterin the "Water-Potential Measures fron which drill-bit cuttings were ysis a;.so are listed in table 2 and mate depth given and not an average -4,900 -5,600 -6,300 -3,800 -6,100 -3,600 -1,100 -5,500 -13,000 -47,000 -43,000 -- 
-2,000 -2,400 -5,600 -9,500 -9,500 -18,000 -4,700 -4,300 -3,600 -2,300 -3,300 -2,200 -2,500 -2,500 -3,700
-6,400 -3,800 -6,600 -2,400 -4,200
Fine Composite -7,400 -8,100 -7,100 -4,100 -3,100
-1,800 -420 -920 -450 -1,000 No comparison can be made between drill-bit cuttings and core samples hole UZ-6. Hammermeister and others (1*185) linear-regression analysis, that a good content values of coarse drill-bit cutt coarse drill-bit cuttings were used representative samples of in-situ hydro the gravimetric water content of coarse coring was not attempted in test however, have shown, using correlation exists between the waterngs and those of core samples. Only they were determined to be more ogic conditions. because because content The data for gravimetric water hole UZ-6 (table 2) Average values of in-situ water content of drill-bit cuttings from test hole UZ-6, drilled with the vacuum reverse-air-circulation drilling method and those from test hole UZ-6s, drilled with the Odex 165T drilling system, are only slightly different (table 4) . Test hole UZ-6 had larger average values of gravimetric water content than did test hole UZ-6s for the Tiva Canyon Member and the bedded tuff of the Paintbrush Tuff. Test hole UZ-6 had a smaller average value of gravimetric water-content for the Topopah Spring Member of the Paintbrush Tuff than did test hole UZ-6s, but only a few measurements were made on samples from test hole UZ-6s compared to those on samples from test hole UZ-6.
Water-Potential Measurements
Water potential is defined as the sum of matric and osmotic potentials. Water-potential measurements were made using a Richards SC-10 thermocouple psychrometer in conjunction with a NT-3 nanovoltmeter (Decagon Devices, Pullman, Wash.). The SC-10 thermocouple psychrometer is a stationary device with 10 rotating sample chambers. The Richards method (Richards and Ogata, 1958) was used to measure the water potential. This method is based on dipping a ceramic bead, attached at the thermocouple junction, into distilled water. The rate of evaporation of water from the ceramic bead during a period of as much as 10 minutes is measured as voltage-output readings on the nanovoltmeter while vapor equilibrium occurs. Voltage-output readings are recorded every minute.
Sample-chamber cups were placed within the 10 rotating sample chambers of the SC-10 thermocouple psychrometer. Three sample-chamber cups were filled with three of six calibration standards of known molality; six sample-chamber cups were filled with drill-bit cuttings; and the last sample-chamber cup was filled with distilled water. The calibration solutions were measured concurrently with the drill-bit cuttings to compensate for the zero drift of the nanovoltmeter amplifier due to changes in temperature. The calibration solutions were mixed using sodium chloride (NaCl) as the known salt. The approximate water potential of the calibration solutions in negativekilopascal equivalents were: 0.02 m, -100 kPa; 0.05 m, -230 kPa; 0.1 m, -460 kPa; 0.4 zn, -1,800 kPa; 0.8 m, -3,700 kPa; and 1.5 m, -7,100 kPa.
The same calibration solutions were not used for all drill-bit cuttings. As much as possible, samples of drill-bit cuttings with similar moisture contents, based on gravimetric water-content measurements, were measured together. Three of the six calibration solutions having approximate waterpotential values that would span the possible water-potential range of the six samples to be measured then were selected. The sample-chamber cups were filled with bration solutions in a humidified glove box to SC-10 thermocouple psychrometer was allowed to 30 minutes before any measurements were made, inside the humidified glove box.
c.rill-bit cuttings and caliminimize evaporation. The equilibrate for a minimum of All measurements were made
The procedure for making water-potential measurements was begun by first making a temperature measurement. The sample chambers then were rotated and the ceramic bead of the thermocouple junction vfas wetted in the distilled water. The sample chambers then were rotated back to the appropriate chamber that would be measured first and as mud as 10 minutes was allowed for vapor equilibrium to occur while voltage-outpit readings were recorded every minute. Another temperature measurement then was made. The ceramic bead was wetted again in the distilled water before making measurements of the next sample chamber. Thermocouple voltage outputs vere measured in the following sequence: (1) calibration solutions frcm smallest to largest molality, (2) samples of drill-bit cuttings, and (3) calibration solutions from smallest to largest molality. The two voltage oitputs :'or each calibration solution were averaged to compensate for any drift in ttimperature. The sample cups containing the drill-bit cuttings were careful]y cleaned and dried after each set of measurements.
At the end of 10 minutes of recording voltage outputs, an averaged representative voltage-output reading wsis selected based on the evidence of a plateau. This plateau in voltage-output readings occurs when the system is in equilibrium the humidity in the sample chamber remains constant, maintained by the constant evaporation of waiter from the thermocouple, and there is little change in the voltage-output readings. Once sufficient evaporation has occurred, the meniscus on the ceramic bead loses its cohesiveness, evaporation proceeds more quickly, and the voltage-output readings begin decreasing rapidly. For moister samples with a water potential of less than -2,000 kPa, the plateau tended to be more evident during the last 5 minutes of voltageoutput readings and tended to last longer; the decrease from the plateau was usually not noted within the 10 minutes of voltage-output readings. For these moister samples with voltage-output readings of less than 20 microvolts on the nanovoltmeter, a difference of 0.10 microvolts or less between two consecutive readings generally was considered a sufficient plateau. For drier samples with a water potential of greater than -5,000 kPa, the plateau tended to occur during the first 5 minutes of voltage-output readings and lasted for only a couple of minutes before the readings began decreasing rapidly. For samples with a water potential of greater than -10,000 kPa, the plateau tended to occur before the voltage-output reading at 1 minute; therefore, the first voltage-output reading was considered to be the plateau.
The two voltage-output readings were averaged for each calibration solution as well as for the four recorded temperature values. The water potential then was calculated for each calibration solution based on the four averaged temperature values. The calculated water potential and the averaged voltageoutput readings of the calibration solutions were fit to a linear-regression equation. The results of the linear regression were used to construct the calibration curve. Using this calibration curve, the voltage-output reading from each sample of drill-bit cuttings is entered into the linear-regression equation, and the resulting value of the measured water potential of the sample is determined.
The degree of welding is related to the measurements of water potential--densely welded tuffs are the driest with the largest measurements of water potential; bedded and nonwelded tuffs are wetter with smaller measurements of water potential. Water-potential data of coarse-and fine-sized drill-bit cuttings as related to degree of welding are summarized in table 5 and presented graphically in figure 8. The densely welded zones of the Topopah Spring Member of the Paintbrush Tuff from a depth of 147.4 to 158.5 m and from a depth of 174.0 to 420.6 m were the driest zones penetrated in test hole UZ-6, the water potential averaged -16,000 kPa. The nonwelded to partially welded zone of the Topopah Spring Member of the Paintbrush Tuff from a depth of 126.5 to 132.1 m was slightly more moist; the water potential averaged -12,000 kPa. Of the nonwelded zones, the unnamed bedded tuff from a depth of 132.1 to 137.7 m was the wettest with measurements of water potential averaging -74 kPa. Another wet zone was the nonwelded part of the Tiva Canyon Member of the Paintbrush Tuff with an average water potential of -270 kPa. At the bottom of the borehole in the Prow Pass Member of the Crater Flat Tuff, from a depth of 483.0 to 575.2 m, the average value of water potential was -4,300 kPa. 
Geophysical Logs and Television Videotapes
A suite of borehole geophysical logs were obtained in test hole UZ-6 during and after the completion of drillirig. These logs were used to determine: (1) formation lithology; (2) borehole Size and deviation; (3) fracture location; (4) formation porosity; and (5) moisture content. A summary of the logs obtained and the depth interval for which each of these logs is available are provided in table 6. A downhole television camera used to monitor borehole conditions, such as caving or bridging^ was lowered into test hole UZ-6 on eight separate occasions before the total depth of 575.2 m was drilled. One inspection of the borehole was made when the drill pipe parted at a depth of 241.1 m, making it necessary to determine the position of the parted drill pipe in the borehole so that a fishing tool could be designed to retrieve the drill pipe. A television camera run was made after reaching the maximum drilled depth of 575.2 m, but due to caving, the maximum depth reached by the camera was only 565.4 m. A black and white videotape of this inspection is available from a depth of 565.4 m to the land surface. Several months after initial logging, two separate downhole television-camera inspections were made for which color videotapes are available. These inspections were made primarily to visually observe fracture frequency ( fig. 9 ), fracture orientation, borehole enlargement, lithologic changes, and)moist zones. The three downhole television-camera inspections for which videotapes are available are listed at the end of table 6. 
SUMMARY
This report presents borehole and geohydrologic data for test hole UZ-6, a deep (575.2 m) unsaturated-zone test hole drilled into tuff using the vacuum reverse-air-circulation method of dry drilling. No coring was done during the drilling of test hole UZ-6. The geologic units penetrated were the Tiva Canyon Member of the Paintbrush Tuff, an unnamed bedded tuff, the Topopah Spring Member of the Paintbrush Tuff, the tuffaceous beds of Calico Hills, and the Prow Pass Member of the Crater Flat Tuff.
Geohydrologic data include the lithology of geologic units penetrated, measurements of gravimetric water content, and measurements of water potential for coarse-, fine-, and composite-sized drill-bit cuttings. The data indicate that moisture within the geologic units is related to lithology, primarily the degree of welding. 
